The direct viable count method first described by Kogure et al. (Can. J. Microbiol. 25:415-420, 1979) was improved by using an antibiotic cocktail instead of nalidixic acid alone. We screened 100 marine isolates from two coastal areas for their sensitivities to five replication-inhibiting antibiotics, including four quinolones (nalidixic, piromidic, and pipemidic acids and ciprofloxacin) and one ␤-lactam (cephalexin). It was shown that growth inhibition of all isolates cannot be readily achieved by using a single antibiotic. Inhibition was much more efficient when all the antibiotics were combined, making it possible to use this method with natural communities. In combination, the concentration of each antibiotic could be lowered and the incubation time could be increased without any growth. Under such conditions, it was shown that the fraction of substrateresponsive cells within natural marine communities is much greater (1 to 2 orders of magnitude) than those reported by traditional procedures. Furthermore, the new procedure made substrate-responsive cells more clearly distinguishable. These improvements resulted in an increased incubation time and were related to metabolic expression of slow-growing cells and/or to the recovery of starved cells. The increased fraction of viable cells within marine communities has ecological implications on the metabolic role of nonculturable cells.
The direct viable count method first described by Kogure et al. (Can. J. Microbiol. 25:415-420, 1979) was improved by using an antibiotic cocktail instead of nalidixic acid alone. We screened 100 marine isolates from two coastal areas for their sensitivities to five replication-inhibiting antibiotics, including four quinolones (nalidixic, piromidic, and pipemidic acids and ciprofloxacin) and one ␤-lactam (cephalexin). It was shown that growth inhibition of all isolates cannot be readily achieved by using a single antibiotic. Inhibition was much more efficient when all the antibiotics were combined, making it possible to use this method with natural communities. In combination, the concentration of each antibiotic could be lowered and the incubation time could be increased without any growth. Under such conditions, it was shown that the fraction of substrateresponsive cells within natural marine communities is much greater (1 to 2 orders of magnitude) than those reported by traditional procedures. Furthermore, the new procedure made substrate-responsive cells more clearly distinguishable. These improvements resulted in an increased incubation time and were related to metabolic expression of slow-growing cells and/or to the recovery of starved cells. The increased fraction of viable cells within marine communities has ecological implications on the metabolic role of nonculturable cells.
The accurate enumeration of living bacteria has long been a challenge to aquatic microbiologists. The introduction of the concept of viable but nonculturable cells in the 1980s by R. Colwell's group has led to important research work concerning the existence and significance of these kinds of cells within natural bacterial communities. These cells may be more representative of metabolically active bacteria in aquatic systems than those determined by plate count or direct count methods. Their enumeration is also of great assistance in understanding the influence of microorganisms on a given ecosystem as well as in quantifying the cells which are responsible for bacterial activities.
Considering the ability to reproduce or grow as the most stringent proof of life, the presence of reproducible or growing viable cells may be considered the primary measure of bacterial viability. The following methods related to cellular viability have been proposed to overcome the limitations of traditional cultures: dilution cultures (6), microautoradiography (30) , microcolonies (3), and direct viable counts (DVC) (17) . Among these, microautoradiography, dilution cultures, and microcolonies (although they are very promising) involve complex and time-consuming procedures. On the other hand, the DVC method has received much more attention and has been applied in many autoecological studies (7, 9, 20, 27) , but its application to natural samples suffers from methodological limitations (1, 8, 25) .
The original DVC method is based on the incubation of samples with a single antibiotic (nalidixic acid) and nutrients (yeast extract). Nalidixic acid acts as a specific inhibitor of DNA synthesis and prevents cell division without affecting other cellular metabolic activities (14) . The resulting cells can continue to metabolize nutrients and become elongated after incubation. One of the main limitations in applying the DVC procedure to complex communities is the presence of natural bacteria which are resistant to the antibiotic used and are able to grow before elongated cells can be formed. This limitation has led to important modifications of the initial procedure in terms of antibiotics and incubation times (8, 18, 31) . To overcome this difficulty, short incubation times, corresponding to the limits of detectable growth, are generally used, but this does not allow the detection of slow-growing bacteria and/or dormant cells.
One possible way of improving this procedure is to combine different antibiotics to ensure good growth inhibition of most cells and to increase the incubation time. Some combinations proposed in the literature have been to add pipemidic and piromidic acids (18) or isopropyl cinodine (28) , but their application to marine bacterial communities generally results in growth after at least 8 h of incubation (18) .
The objective of this study was to optimize the combination and concentrations of antibiotics to improve the detection of viable cells within marine communities. We compared the antibiotic sensitivities of 100 bacterial strains isolated from different marine coastal environments to five replication-inhibiting antibiotics which prevent DNA synthesis (nalidixic, piromidic, and pipemidic acids and ciprofloxacin) or cytoplasmic membrane septum formation (cephalexin). Here we propose a new DVC procedure which combines these antibiotics at low concentrations and allows increased incubation time. This procedure resulted in an increased and more clearly distinguishable fraction of substrate-responsive cells, suggesting the existence of a large and unexpected number of viable cells in coastal marine areas. isolates were chosen on the basis of colony morphology to increase the chance of picking different species. All isolates were purified twice on MA plates.
MATERIALS AND METHODS

Bacterial
Antibiotic sensitivities. All isolates were screened for Gram staining and for their sensitivities to nalidixic acid, pipemidic acid, piromidic acid, ciprofloxacin, and cephalexin by the standard disk-agar method. For each isolate, two or three colonies were picked and resuspended in 5 ml of marine broth (Difco). This suspension was diluted to approximately 1 ϫ 10 6 to 5 ϫ 10 6 cells/ml, and MA plates were swabbed with 2 ml. The plates were air dried for a few minutes, and five antibiotic disks (Diagnostic Pasteur) containing nalidixic acid (30 g), pipemidic acid (20 g), piromidic acid (25 g), ciprofloxacin (5 g), or cephalexin (30 g) were placed on the gel. Plates were incubated for 2 to 3 days at room temperature (ca. 20 to 22°C). The zones of inhibition produced by antibiotics were measured and scored as resistant, intermediate, or sensitive by the method of Courvalin et al. (10) .
Natural samples from coastal areas. Seawater samples were taken from the Bay of Banyuls-sur-Mer at stations located between 1.0 and 5.0 km offshore. Lagoon water samples were collected in the Leucate lagoon (Mediterranean coast of France). All samples were collected at approximately 1 m below the surface in glass bottles, and activity measurements were assayed within 2 h of sampling.
Total cell counts. Bacterial numbers were determined from formaldehydefixed (2% [final concentration]) samples stained with 2.5 g of 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma) per ml for 30 min. Each sample was filtered onto 0.2-m-pore-size Nuclepore filters. Cells were counted at a magnification of ϫ1,000 with an Olympus BH2 epifluorescence microscope equipped with a 100-W Hg lamp and a UV filter set (filter set U [UG-1, DM400, and L420]). Standard deviations (Table 1) were determined with a minimum of 1,200 cells, corresponding to at least two replicated samples.
DVC procedures. Antibiotics were dissolved in 0.05 M NaOH (nalidixic, piromidic, and pipemidic acids [all from Sigma]) or sterile distilled water (cephalexin [Sigma] and ciprofloxacin [Bayer Pharmacie). All antibiotic solutions were filter sterilized through 0.2-m-pore-size membrane filters (Sartorius). Sterile 15-ml glass tubes were filled with 9 ml of sample and aseptically enriched with 1 ml of yeast extract (50 mg/liter [final concentration]; Difco). Then nalidixic acid alone (20 g/ml) (DVC NA ) or the antibiotic cocktail (nalidixic acid, 20 g/ml; piromidic acid, 10 g/ml; pipemidic acid, 10 g/ml; cephalexin, 10 g/ml; ciprofloxacin, 0.5 g/ml) (DVC MIX ) was added (final concentrations given parenthetically). Incubation was performed statically in the dark at 20°C, and samples were formaldehyde fixed (2% [final concentration]) after 6 h of incubation for DVC NA and at time intervals (18 to 24 h) for DVC MIX . Samples were assayed as reported above for total direct counts. For each sample, minima of 30 enlarged substrateresponsive cells (DVC ϩ cells) and 600 total cells (DAPI ϩ cells) were enumerated. The proportion of DVC ϩ cells was calculated as the ratio of DVC ϩ to DAPI ϩ cell counts. Enumerations were performed with variable numbers of replicates (Table 1) .
CFU. Samples were serially diluted in autoclaved seawater, and 100 l of each dilution was plated on two agar media. CFU counts were determined on MA and low-nutrient yeast extract medium (yeast extract, 50 mg; Bacto Agar, 15 g; filtered [0.45-m pore size] aged seawater, 1,000 ml). Colonies were counted after 4 weeks of incubation at room temperature (ca. 20 to 22°C). The percentage of CFU was determined as the ratio of CFU to total cell counts. The mean coefficient of variation for all samples was 16.2% (range, 0.4 to 38.1%) for CFU.
Respiring-cell counts. Respiring bacteria were defined as cells able to reduce 5-cyano-2,3-ditolyl tetrazolium chloride (CTC; Polysciences Europe, Eppelheim, Germany) in red fluorescent formazan (26) . Their counts were determined by a modification of the original method (11) . Briefly, samples (2 ml) were incubated with 5 mM CTC (fresh stock solution, 50 mM) for 10 h in the dark at in situ temperature, formaldehyde fixed (2% [final concentration]), stored at 4°C, and counted for up to 2 days. Samples were counterstained with DAPI for total counts (see above). For each microscopic field, respiring cells (CTC ϩ ) were enumerated with filter set B (BP490, DM500, and AFCϩO515). Then total cells were counted by switching to a UV filter set. Minima of 30 CTC ϩ cells and 600 DAPI ϩ cells were enumerated, and the proportion of CTC ϩ cells was calculated as the ratio of CTC ϩ to DAPI ϩ cell counts. The CTC ϩ fraction was calculated as the mean of two or three replicates. The mean coefficient of variation for all samples was 13.1% (range, 0.2 to 20.9%) for CTC ϩ cells.
RESULTS AND DISCUSSION Susceptibilities of natural isolates to
antibiotics. An analysis of the antibiotic sensitivities of culturable cells may be of great interest for optimizing the DVC procedure, although such cells do not represent more than 1% of total cell counts. It has been suggested that culturable cells are responsible for the growth that occurs during incubation of confined marine samples due to their rapid growth rate (12) . We compared the sensitivities of 100 isolated strains to various antibiotics (Table 2) . A large fraction of isolates was resistant to each antibiotic (41 to 65%), except ciprofloxacin (12%). The antibiotic sensitivities at the two sampling locations were not different. However, grampositive isolates were much more sensitive to cephalexin and ciprofloxacin. Considering resistant and intermediate antibiotic susceptibility as antibiotic resistance, the great percentage of nalidixic acid-resistant strains (64%) illustrates the limitation of the standard procedure. Some strains had multiple resistances to nalidixic, piromidic, and pipemidic acids (62%) (data not shown). The multiple resistances of natural isolates to these antibiotics explain the low interest in this combination, as previously reported (18) . The combination of all antibiotics resulted in the inhibition of 96% of isolates (data not shown). These results suggest that because of multiple antibiotic resistances of natural isolates, replication inhibition cannot be readily achieved by the use of a single antibiotic but only by their combination in the hope that cells which do not respond to a particular antibiotic do respond to another. Although nalidixic, piromidic, and pipemidic acids and ciprofloxacin prevent cell division in a similar manner by inhibiting DNA gyrase, differences in their effectiveness against species (34) and natural communities (16) have previously been reported. Differences in sensitivities to ␤-lactam antibiotics (e.g., cephalexin) are partly due to outer membrane permeability (23) . Cephalexin inhibits transpeptidase and transglycosylase by binding to penicillin-binding protein 3 and blocks the formation of the septum during cell division.
Antibiotic concentrations. The sensitivity of a strain to a given antibiotic should be considered in terms of the antibiotic concentration. For the DVC procedure, the antibiotic concentration may be determined by the MIC which inhibits cell replication but allows other synthetic pathways to continue (4). However, within natural communities, the MICs of a given antibiotic for different species are not similar and the highest MIC is required to ensure growth inhibition. As a consequence, this high concentration may lead to metabolic inhibition and sometimes to cellular death or disruption of more sensitive cells (data not reported). Inversely, growth inhibition can be obtained by using lower concentrations when multiple antibiotics are combined. In this study, we combined five antibiotics and preliminary assays were performed to optimize antibiotic concentrations (data not shown). The concentrations reported by Kogure et al. (18) for nalidixic acid (20 g/ml), piromidic acid (10 g/ml), and pipemidic acid (10 g/ml) were used, whereas 0.5 and 10 g/ml were used for ciprofloxacin and cephalexin, respectively.
Incubation time. The inhibiting effect of the mixture was compared to that of nalidixic acid (DVC NA [the traditional procedure]). The comparison was performed with natural seawater samples taken from Banyuls-sur-Mer Bay in March 1996 and with yeast extract (50 mg/liter) as the nutrient source. The temporal evolution of total counts during incubation is reported in Fig. 1 . Growth was detectable by 6 h in the control and by 8 h when nalidixic acid was added. Similar results have previously been reported for nalidixic acid (17, 18) . Growth inhibition was much more efficient when the antibiotic mixture was used, allowing incubation to be increased up to 18 h without any detectable replication. A 3-h generation time was estimated for the control with an incubation of between 6 and 18 h, based on the increase in total counts. It was 1.5 h when it was based on the increase in culturable counts, with the assumption that growth was due to the initial culturable fraction of cells. This generation time is in good agreement with (12) . The low growth reported between 18 and 24 h with the antibiotic mixture resulted in a 1.25-fold increase in total counts. As incubation times may vary between samples, incubation times of 18, 21, and 24 h were used for subsequent experiments with the antibiotic mixture. However, the absence or presence of growth should be estimated with caution. On one hand, growth can be balanced by predation or cell disruption due to antibiotics or viral infection (29) . On the other hand, growth can be overestimated when we consider that the initially very small cells which are not held on 0.2-m-pore-size filters (21) may be held after incubation by enlargement of cells. Substrate concentration. Different nutrient concentrations were tested (data not shown). The best results were obtained when yeast extract was used at a final concentration of 50 mg/liter, as previously reported (19) . The use of a higher concentration did not yield more elongated cells, although contradictory results have been reported in the literature (24) . Furthermore, this low concentration may be more adapted to oligotrophic bacteria (6) .
Application to natural samples. The two DVC procedures (DVC NA and DVC MIX ) were applied to various natural samples ( Table 1 ). The incubation time for the DVC MIX procedure was defined as the longest incubation during which growth was not detected, whereas it was 6 h for the DVC NA procedure. The mean percentage of elongated cells with the DVC MIX procedure was 50 times higher than that with the DVC NA procedure. The combination of antibiotics resulted in higher viable counts for all water samples. Surprisingly, the DVC NA procedure resulted in viable counts that were lower than the culturable counts, as determined on MA plates (except for two samples taken on 29 October 1996 and 28 April 1997), and respiring-cell counts. These results are very different from those reported for different aquatic systems for which the percentages of substrate-responsive cells were higher than those of culturable counts (17) (18) (19) 25) . Similarly, other reports have shown a good agreement between respiring-cell and substrate-responsive cell fractions (22, 25, 31) . The low percentages of substrate-responsive cells reported in this study can be explained by our difficulty in discriminating between elongated and nonelongated cells after a short incubation period. This difficulty has previously been reported for natural samples showing size polymorphisms (1, 31) . More recently, the use of cell volumes was suggested for better discrimination between cellular coccoid morphologies (2). This problem was overcome by the use of an antibiotic mixture, resulting in substrateresponsive cells that are more clearly distinguishable (Fig. 2) . There was no confusion between substrate-responsive and dividing cells because elongated cells were longer than growing cells and did not contain any dividing septum.
The differences between culturable and substrate-responsive cells detected by DVC MIX reveal a large fraction of viable but nonculturable cells (Table 1 ). These differences cannot be related to the use of a liquid environment in the DVC procedure since the use of liquid medium did not result in higher culturable counts (32) . The recovery of marine bacteria may also be influenced by nutrient source composition (5). However, when spread plates were made with the same nutrient source as that used in the DVC procedure, culturable counts were much lower or sometimes closer to those detected on MA plates, representing less than 0.3% of total counts (Table 1 ). This suggests that the nutrient source and concentration are not sufficient to explain the low plateability of nonculturable cells. The large DVC ϩ fraction reported for the antibiotic cocktail can be explained by the detection of some cells that may undergo a few divisions but do so in insufficient numbers to produce bacterial colonies or any trouble within cell suspensions. The detection of these cells can be achieved by other methods, such as microcolonies and dilution cultures (3, 6, 33) . It has previously been reported that some marine bacteria have very long generation times (sometimes more than 1 week [6] ) and are probably not detectable during a 24-h incubation period, suggesting that even the new DVC procedure underestimates the real fraction of viable cells within marine communities. Another hypothesis to explain the high differences between culturable and viable counts is the fact that quinolone antibiotics act as chelating agents on the divalent cations of the cellular wall (13) , resulting in the passive entrance of nutrients into starved cells, which facilitates their recovery (27) .
The antibiotic cocktail resulted in high percentages of viable cells (7 to 44%), underlining the high metabolic potentialities of natural communities. The differences between respiring cells (i.e., in situ active cells) and substrate-responsive cells detected by DVC MIX (Table 1 ) may represent a fraction of inactive but viable cells and/or slow-growing cells for which respiration is not detectable. These two cell states may have been detected by the DVC MIX procedure due to increased incubation time in the presence of nutrients. Under these conditions, the percentages of substrate-responsive cells observed within marine oligotrophic communities (Mediterranean Sea) were much higher than those reported previously for other nutrient-depleted marine environments (17, 19, 24) . These results are of great interest for characterizing the physiological states of bacterial communities. The fraction of cells undetected as substrate responsive by the new DVC procedure can result from the inhibition of some cells due to the bactericidal effect of one antibiotic. It can also be due to the presence of dead cells within the community. In support of this last hypothesis, it was recently reported that phage-infected bacteria (29) , as well as non-DNA-containing bacteria (35) and cells with damaged intracellular structures (15) , may represent a large fraction of bacterial communities.
We conclude that the DVC procedure can provide very useful information about the metabolic potentialities of natural communities under optimized conditions. However, the DVC procedure should be improved for each ecosystem since antibiotic concentrations are strain dependent. The combination of the DVC method with in situ hybridization techniques is very helpful in determining the phylogenetic affiliations of substrate-responsive cells (16) . This approach may be improved by using our new DVC procedure with natural communities.
